Abstract Shot peening is a widely used surface treatment method by generating compressive residual stress near the surface of metallic materials to increase fatigue life and resistance to corrosion fatigue, cracking, etc. Compressive residual stress and dent profile are important factors to evaluate the effectiveness of shot peening process. In this paper, the influence of dimensionless parameters on maximum compressive residual stress and maximum depth of the dent were investigated. Firstly, dimensionless relations of processing parameters that affect the maximum compressive residual stress and the maximum depth of the dent were deduced by dimensional analysis method. Secondly, the influence of each dimensionless parameter on dimensionless variables was investigated by the finite element method. Furthermore, related empirical formulas were given for each dimensionless parameter based on the simulation results. Finally, comparison was made and good agreement was found between the simulation results and the empirical formula, which shows that a useful approach is provided in this paper for analyzing the influence of each individual parameter.
Introduction

Shot peening (SP) is one of the effective surface treatment
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methods by generating compressive residual stress near the surface of metallic material to increase fatigue life and resistance to corrosion fatigue, cracking, etc [1] [2] [3] [4] [5] . It has been widely used in many manufacturing sectors like the aerospace and automobile industries to improve the reliability of structures [6, 7] . The SP process can be seen as a cold working process at room temperature in which small spherical balls are employed to impact a work-piece. With the elastic-plastic interaction between the work-piece and the shots, compressive residual stress is generated near the surface of the work-piece. In recent years, many analytical and numerical models, with which the residual stress, the surface integrity and the influence of parameters can be predicted, have been applied to analyze the SP process to take advantage of advancements in computer technology [5, 6, [8] [9] [10] [11] [12] [13] [14] [15] . The effects of some SP parameters have been investigated [2, [16] [17] [18] [19] [20] [21] , however, little research has focused on systematic analysis of dimensionless parameters in SP process, which is important for clarifying the influence of process conditions. Kelmenz et al. [14] studied the residual stress state after shot peening with dimensional analysis method and finite element method (FEM) simulation, and the effects of four dimensionless input values were investigated. However, the material related dimensionless parameters were not thoroughly studied. In the present paper, a systematic study of dimensionless parameters for single SP process was performed using dimensional analysis method to evaluate the maximum compressive residual stress and the surface integrity. Furthermore, FEM analysis based on LS-DYNA was carried out to simulate the influence of each individual dimensionless parameter. Finally, related empirical formulas were given based on the FEM analysis results, with which the maximum compressive residual stress and the depth of dent could be predicted.
Dimensionless parametric analysis
SP is a complex process with multiple variables, such as radius of the shot, impact velocity, material constitutive model 826 X.-Q. Wu, et al. parameters of the shot and work-piece and so on. It is costly and difficult to analyze the influence of each parameter both experimentally and numerically. Dimensional analysis method is an effective method to solve this kind of problems that involves multiple variables. Through appropriate analysis of the relationship between dimensionless variables, the causality of physical phenomena can be highlighted [14, [22] [23] [24] .
According to the Π theory of dimensional analysis [14, 23, 24] , for a problem with n variables m 1 , m 2 , . . . , m n , the dependent variable m can be written as
If there are k (k < n) independent variables, m 1 , m 2 , . . . , m k , then the follow relations can be derived
Considering the single SP process, the work-piece can be taken as a semi-infinite medium compared with the shot. As a result, the geometry of the work-piece is excluded in the analysis. A shot with radius R impacts the work-piece at velocity v. The bilinear isotropic hardening model is taken for both the shot and the work-piece, where the effects of strain rate, temperature and viscous are neglected. The friction between the shot and the work-piece is also not considered to simplify the problem. Therefore, parameters of the shot are density ρ 1 , Young's modulus E 1 , yield stress σ Y1 , tangent modulus E 1 and Poisson's ratio ν 1 ; and parameters of the work-piece are density ρ 2 , Young's modulus E 2 , yield stress σ Y2 , tangent modulus E 2 and Poisson's ratio ν 2 , respectively. The related parameters are depicted in Fig. 1 . Consequently, the maximum compressive residual stress σ m and the maximum depth of dent h m , which are important factors in evaluating the SP effect, are related to these parameters,
Taking the parameters R, ρ 1 and v as independent variables, the following two basic equations can be deduced by dimensional analysis,
It can be seen that the dimensionless variables σ m /(ρ 1 v 2 ) and h m /R are affected by nine dimensionless parameters that are the dimensionless strength of target Π = σ Y2 /(ρ 1 v 2 ) named yield number which is important for the impact problems, the dimensionless yield stress Π 1 = σ Y1 /σ Y2 , the maximum elastic strain Π 2 = σ Y2 /E 2 , the dimensionless velocity Π 3 = (E 2 /ρ 2 ) 1/2 /(E 2 /ρ 2 ) 1/2 for work-piece, the dimensionless velocity
1/2 of elastic wave and plastic wave, the dimensionless density Π 6 = ρ 1 /ρ 2 , the Poisson's ratio Π 7 = ν 1 and Π 8 = ν 2 for shot and work-piece, respectively.
According to Eq. (4), when the dimensionless parameters are unchanged, the maximum compressive residual stress σ m depend only on the impact energy density; and the maximum depth of dent h m is proportional to the radius of the shot, whereas σ m is independent of it, which is consistent with the conclusions obtained from Refs. [14, 17, 18, 20, 21, 25] .
FEM validation and virtual experiments
The finite element package LS-DYNA uses an explicit nonlinear structural integration scheme and is suitable for analyzing problems involving impact and contact phenomena, and its application to the simulation of SP process has already been validated by Majzoobi et al. [8] and Hirai et al. [18] . And thus the LS-DYNA code is adopted here to analyze the influence of material characteristics and impact conditions. The shot and work-piece are assumed to have an elasto-plastic behavior described by bilinear isotropic hardening model, as mentioned in Sect. 2. A 3D symmetric model was developed to ensure the simulation efficiency and enhance the calculation accuracy, as shown in Fig. 2 . The shot was meshed with 216 000 SOLID164 elements; and the work-piece was meshed with 512 000 SOLID164 elements, where the impact area is fine meshed to get refined numerical results. The weighted master-slave surface algorithm without considering friction between shot and work-piece was chosen in the LS-DYNA code to simplify the problem.
Fig. 2 Numerical model
Firstly, a simulation was conducted to validate the numerical model, in which mild steel is chosen for both the shot and the work-piece. The conditions and material properties used for FEM analysis are presented in Tables 1 and  2 . A comparison of the dent profiles between our simulation and experimental results [18] was shown in Fig. 3 for two different shot velocities, where the shot radius is 0.6 mm. The simulation results are found in good agreement with the experiment results, indicating that the proposed numerical model is practicable and reliable in analyzing the influence of parameters. Moreover, to validate the relations derived by dimensional analysis in Sect. 2, parametric studies of different shot radius R and different impact energy density ρ 1 v 2 were performed using the numerical model, where the other dimensionless parameters were kept constant. The same material with parameters listed in Table 2 for the elasto-plastic constitutive model was taken for the shot and the work-piece. The simulated results for the two parametric studies are shown in Figs. 4 and 5, which indicates that the maximum compressive residual stress σ m is not affected by the radius of the shot and depend only on the impact energy density as predicted by Eq. (4a), and the maximum depth of dent h m is proportional to the radius of the shot when the other dimensionless parameters are kept unchanged, as depicted in Eq. (4b). Subsequently, the finite element method was used to analyze the influence of each dimensionless parameter appearing in Eq. (4) using numerical simulation. The simulation conditions assigned for influence analysis of the nine dimensionless parameters are shown in Table 3 . The same material constitutive model was taken whereas the material parameters under study vary for each case of parameter analysis. Here, a decoupled fitting method is taken to obtain the influence formulas for each dimensionless parameter. While one dimensionless parameter Π α is studied, the other un-fitted dimensionless parameters are kept unchanged. As a result, the influence of Π α could be fitted by a formula f α (Π α ). With this method, the influence of an individual dimensionless parameter could be fitted by a corresponding formula, and Eq. (4) could be finally re-written as 
Fig. 4
Residual stress distributions in depth and dent profiles for the same impact energy density 
, and σ Y1 /σ Y2 constant E 2 , and
Results and discussions
The influence of yield number σ Y2 /(ρ 1 v 2 ) on the dimensionless stress σ m /(ρ 1 v 2 ) and the dimensionless depth h m /R was shown in Fig. 6 . The empirical relationships of σ Y2 /(ρ 1 v 2 ) to σ m /(ρ 1 v
2 ) and h m /R could be derived from the formula fitting of the simulated data as
(5b) Fig. 6 The influence of the yield number σ Y2 /(ρ 1 v 2 ) Figure 6 shows that the yield number is an important number for the effectiveness of SP. The dimensionless stress and depth increase greatly as the yield number decreases.
To validate the decoupling fitting method, the influences of yield number σ Y2 /(ρ 1 v 2 ) on the dimensionless stress σ m /(ρ 1 v 2 ) and the dimensionless depth h m /R are simulated for different shot densities ρ 1 , where the dimensionless density ρ 1 /ρ 2 is kept unchanged to eliminate the influence of other dimensional parameters. As depicted in Fig. 6 , the simulated results agree well with the formula fitting results, which demonstrate the validity of the decoupling fitting method. A further validation simulation is performed, where the variables ρ 1 , E 1 , σ Y1 , E 1 , ρ 2 , E 2 , σ Y2 , E 2 , are chosen as the values considered originally multiplied with a coefficient γ to make sure the other dimensionless parameters remain unchanged. The simulated dimensionless peening effects, σ m /(ρ 1 v 2 ) and h m /R, are list in Table 4 . The simulated results are almost unchanged and consistent with the dimensional analysis and Eq. (14) . Therefore, the influences of the other dimensionless parameters could also be fitted by formulas using this method. The influence of the dimensionless yield stress σ Y1 /σ Y2 on the dimensionless variable σ m /[(ρ 1 v 2 ) f (Π)] and h m /[Rg(Π)] was shown in Fig. 7 , from which the influence relations can be obtained as
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Fig. 7
The influence of the dimensionless yield stress σ Y1 /σ Y2
The influence of the maximum elastic strain Fig. 8, which shows that the effect of maximum elastic strain of the work-piece is insignificant. The corresponding relations could be obtained as Fig. 9 . The influence relations are obtained as Fig. 9 The influence of the dimensionless ratio of plastic to elastic wave velocities
The influence of dimensionless elastic wave Fig. 10 . The effect of the dimensionless elastic wave velocity could be neglected for dimensionless stress. Therefore, the influence relations can be obtained as follows,
The influence of dimensionless plastic wave ve- Fig. 11 . Similarly, the influence relations can be obtained
The influence of dimensionless density Fig. 12 . Concerning the influence of the dimensionless density ρ 1 /ρ 2 , the following relations can be obtained as
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Fig. 10
The influence of dimensionless elastic wave velocity (
Fig. 11
The influence of dimensionless plastic wave velocity (
Additionally, the influences of Poisson's ratio ν 1 and ν 2 were investigated as shown in Figs. 13 and 14 . By the same method, the following relations can be derived, Fig. 12 The influence of dimensionless density ρ 1 /ρ 2 It also indicates that the effects of Poisson's ratio are insignificant in the range from 0.20 to 0.36, and therefore it can be neglected in the present analysis.
In summary, the influences of the parameters on the maximum compressive residual stress and the maximum depth of the dent can be obtained by multiplying these influence relations corresponding to each dimensionless parameters, where the influence of Poisson's ratio was not taken into account.
Here
.
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X.-Q. Wu, et al. In the present study, the influences of the dimensionless parameters are deduced by the decoupled fitting method. In fact, the influences of these dimensionless parameters are not independent of each other. For instance, if the variable σ Y2 is changed, the influences of dimensionless parameters
2 ), σ Y1 /σ Y2 , and σ Y2 /E 2 are coupled with each other. However, the decoupling fitting method provides a useful method to obtain the influence corresponding to each dimensionless parameter. After the influence of σ Y2 /(ρ 1 v 2 ) is obtained, its coupled influence on σ Y1 /σ Y2 could be cal-culated, and then the influence of σ Y1 /σ Y2 could be fitted. The dependence of the peening effect on other dimensionless parameters can be derived similarly.
In view of the formulas f 1 to f 6 and g 1 to g 6 , the values of f 3 to f 6 and g 3 to g 6 change slightly in the parameter range we studied. When the effects of these formulas are neglected, the following relations could be deduced as a rough estimation,
Therefore, to obtain a good peening effect with higher compressive residual stress and smaller depth of dent, the size of the shot should be as small as possible, which is consistent with the dimensional analyses result. In addition, increasing impact energy density and yield stress of the shot would increase σ m . Nevertheless, it also increases the depth of dent profile and leads to a rough appearance of the workpiece surface, which could be improved by multiple shots process.
If the material-related parameters are kept unchanged, the material related dimensionless parameters will be constant. As a result, Eq. (14) can be written as
Hirai et al. [18] obtained the relation of the depth of dent with the shot diameter and the shot velocity as
Although the value of power exponent in the present Eq. (15b) and that of Hirai et al.'s relation are a little different, both relations are similar to each other. The comparison of the impact velocity's influence on the maximum depth of dent between the empirical Eqs. (15b) and (16) was shown in Fig. 15 , from which it could be seen that the present Eqs. (15b) and (16) both fitted the simulation results very well.
Furthermore, the comparison of the results from simulation and empirical formula with different parameters was listed in Table 5 , where σ me , h me were results calculated with empirical Eq. (14) and σ ms , h ms were simulated results by LS-DYNA. The results obtained by empirical formulas are in good agreement with the simulated results. The maximum differences are less than 4.9% for the maximum compressive residual stress and 7.1% for the maximum depth of the dent.
Finally, the empirical formulas were validated with experimental data [18] as shown in Fig. 16 . The analytical result of empirical formulas is also in good agreement with the experiment results, which shows the applicability of the empirical formulas to predict the maximum compressive residual stress and maximum depth of the dent for single SP process. However, the influence of the friction between the shot and the work-piece is neglected in the present research. It will be studied in the future. In addition, other variables, such as the depth of the compressive residual stress, the position of the maximum compressive residual stress and the other dimension of the dent, can also be obtained in the same way. Although this analysis method is based on single SP, similar empirical formulas can be deduced as well for multiple shot peening with this method by introducing relevant dimensionless parameters. 
Conclusions
In the present paper, the influence of dimensionless parameters for single SP process were studied using dimensional analysis method and FEM simulation to evaluate the compressive residual stress and the peened surface quality. The main conclusions are drawn as follows, (1) The dimensionless parameters affecting the maximum compressive residual stress and the maximum depth of the dent were obtained by dimensional analysis method. Accordingly, a possible systematic analysis method is provided for single SP process.
(2) The influences of each dimensionless parameter were investigated by FEM simulation. Furthermore, empirical formulas for these dimensionless parameters were obtained based on FEM simulation results and validated by experiment results, which shows that an effective method is provided here to analyze the influences of each individual parameters. More experiments will be carried out to validate this analysis approach in the future.
(3) Although the present research focuses on the single SP process, it provides a potential method to analyze the influences of parameters in multiple SP process in the same way by introducing relevant dimensionless parameters.
